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Lab #5:  Inverting Amplifier Using Op-Amp

Introduction

The operational amplifier is one of the most important building blocks in modern analog circuit design.  Its predictable performance makes the op-amp a very popular choice for many applications.  Of the many circuits that employ op-amps, the inverting amplifier is one of the most ubiquitous.  In this lab experiment you will build an inverting amplifier and investigate some of its performance capabilities and limitations.  You will also observe first-hand some of the effects of the virtual short at the input terminals of the op-amp.

Theoretical Background
The circuit symbol for the op-amp is shown below in Figure 1a.  It has five key terminals.  The two labeled VPOS and VNEG are connection points for DC voltage sources (power supplies) that activate the device and allow it to operate properly.  The two voltage sources are usually equal in magnitude and opposite in sign; for example, VPOS might be +12 V and VNEG might be −12 V.  The positive terminal of the VPOS power supply is connected to the op-amp (pin 7 if the device is an LM741), and the negative terminal is connected to ground (i.e., to the reference node).  Likewise, if VNEG = −12 V, then the negative side of a 12-V source is connected to the op-amp (pin 4 on an LM741), and the positive side is connected to ground.  The only essential constraint on the two voltages is that VPOS must be greater than VNEG; usually the two values must be separated by at least several volts.


[image: image1]
Figure 1.  (a) Circuit symbol for operational amplifier.  (b) Equivalent circuit model.  The gain A of the voltage-controlled voltage source is very large; typical values for commonly available op-amps are 105 to 108.  The ground (reference) node is indicated by the small triangle.

The terminals labeled v1 and v2 are called the inverting and noninverting inputs, respectively, and the terminal labeled vo is called the output.  The interpretation of the circuit symbol is perhaps more easily grasped by considering the equivalent circuit of the op-amp shown in Figure 1b.  The input and output terminals are circuit nodes, and v1, v2, and vo are considered to be node voltages measured with respect to ground.  An op-amp is a very complex device, but the purpose of that complexity is to produce a device that behaves in a manner that is modeled accurately by the very simple representation shown in Figure 1b.  The voltage sources representing the power supplies are not included in the model because they do not play a direct role in the circuit behavior of the op-amp as long as the output voltage vo is not near one of the power supply voltages.  Nevertheless, their presence in the physical circuit is essential.

Several important properties of op-amps become evident after a bit of study of the equivalent circuit model.  First, because there is an open circuit between the inverting (v1) and noninverting (v2) inputs, no current flows into either terminal.  (Actually, some current does flow, but it is usually assumed to be negligible.)  Also, the output voltage (node vo) is directly proportional to the difference between the two input voltages; that is,
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where the constant A, called the open-loop gain, has a very large value (105 to 108).  One might reasonably wonder whether such an enormous gain is of any practical use.  After all, if the two input voltages differ by as little as a tenth of a volt, the resulting output voltage would be somewhere between 10 kV and 10 MV!  Although the circuit model shown in Figure 1b doesn’t explicitly indicate it, there is a limit on the range of output voltages that an op-amp can produce.  Specifically, the output voltage can be no greater than VPOS and no less than VNEG, and for most op-amps the upper and lower limits are one to two volts tighter than those two values; that is, the range of possible output voltages could be
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or even less.  For example, if the power supply voltages are ±12 V, then vo might be able to vary between ±11 V, or only ±10 V.  Consequently, many practical op-amps circuits are designed to keep the differential input voltage (v) down to very small values, typically only a few V.  We have seen that one way to accomplish this is to use negative feedback.  When the output voltage of an op-amp reaches the upper or lower limit of its permissible range, the op-amp is said to be saturated at that power supply voltage.
Basic Inverting Amplifier

Shown in Figure 2 on the next page is a schematic diagram of a basic inverting amplifier designed around an op-amp.  The closed-loop voltage gain of the amplifier is given by the familiar equation
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Figure 2.  Basic inverting amplifier.  The small triangles indicate connections to ground.  The wires terminating in circles indicate either connections to other parts of the circuit or locations at which test leads are connected.
Complete the following tasks with your lab partner:

· Design and build an inverting amplifier with a gain of approximately –5 and an input resistance (Rs) of 10 k(.  Use standard resistor values for Rs and Rf.  Use the bipolar power supply on the lab bench to provide the ±15 V operating voltages for the op-amp.  Don’t forget to connect the common (COM) terminal of the power supply to the circuit ground.  Use the 6-V power supply to represent the input or sensor voltage vs.
· Vary the input voltage (vs) from 0 V to 4 V in 0.2-V steps, and measure the resulting output voltage (vo) using the digital multimeter (DMM).  Record your results, and organize your measured data into a professional-style data table (complete with column headings, units, and a descriptive caption).  Include columns that give the predicted output voltages of the amplifier (i.e., assuming perfect resistor values) and the actual measured output voltages.  Add one more column that lists the percentage error for each measurement, and remember to show a sample error calculation somewhere near the data table.  Then answer the following questions:

· What is the most negative output voltage you can obtain from the amplifier?

· How far from the negative power supply voltage is this limit?

· Do the errors obtained for the output voltages within the power supply limit seem reasonable given the tolerances of the resistors?

· Reverse the output terminals of the 6-V power supply so that you can apply negative voltages to the input of the amplifier.  Observe the output voltage as you vary vs from 0 V down to 4 V in 0.2-V steps.  You do not have to construct another data table, but you should answer the following questions.
· What is the most positive output voltage you can obtain from the amplifier?

· How far from the positive power supply voltage is this limit?

Inverting Amplifier with Finite Load Resistance

· Return the 6-V supply leads to their original configuration (i.e., so that vs is positive again), and set vs to a value of 0.2 V.  Verify that the output voltage of the op-amp is around 1 V.  Record the actual value you measure at the output.
· Connect a 10-k( “load” resistor between the output terminal of the op-amp and ground, and measure and record the voltage across it.  Measure and record the output voltage obtained when the load resistance is changed to 5.1 k, 1 k, 750 , 510 , 220 , and 100 .  Summarize these results in a second professional-style data table.  Don’t forget to include the original “open-circuit” measurement (in this case the resistance is ∞).  Include a column that gives the percentage error of the output voltage from the expected value of 1 V for each case.  Show a sample error calculation nearby.  Finally, add a column that gives the magnitude of the current that flows through the load resistance in each case.
· Demonstrate your output voltage measurements for a couple of load resistor values to the instructor or TA.

· Explain your measurements in light of the information on the output current limit of the LM741 given in the data sheet for the op-amp.  The data sheet is available at the National Semiconductor web site at the following link:

http://www.national.com/ds/LM/LM741.pdf

If you use any information on the data sheet, give a complete citation in your report.

Modified Inverting Amplifier

Modify the amplifier circuit in Figure 2 by disconnecting the noninverting terminal of the op-amp from the ground and connecting it to the positive side of the input voltage vs.  The modified circuit has the schematic diagram shown in Figure 3.  Apply a DC voltage of around 1 V to the input (i.e., set vs = 1 V).  If a load resistor is still connected, remove it, but do not change the values of resistors Rs and Rf.

[image: image6]
Figure 3.  Modified inverting amplifier circuit.
· Before taking any measurements, predict the directions and magnitudes of the currents flowing through resistors Rs and Rf.  (Sketch and label the currents on the schematic diagram.)  Note that the voltage at the noninverting terminal of the op-amp is not necessarily 0 V relative to ground in this case.  From these results, calculate the expected output voltage vo.  Clearly outline your solution in your report.

· Take an appropriate set of measurements to determine the actual currents flowing through the two resistors.  Measure the actual output voltage vo as well.  Compare the measured current and voltage values to the corresponding predicted values.
Grading

Only one report per lab group is required; however, each member of the group should contribute to its production.  Your group’s written report is due at noon on the day following the lab session.  Each group member will receive the same grade, which will be determined as follows:

20%
vo vs. vs data table
10%
Answers to five questions on vo vs. vs results
20%
vo vs. load resistance data table

20%
Demonstration of vo vs. load resistance measurements
10%
Explanation of vo vs. load resistance results

10%
Predictions of currents and voltages in modified circuit

10%
Comparisons of measured and predicted currents and voltages in modified circuit
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